Minimal residual disease (MRD) and genetic abnormalities are important risk factors for outcome in acute lymphoblastic leukemia. Current risk algorithms dichotomize MRD data and do not assimilate genetics when assigning MRD risk, which reduces predictive accuracy. The aim of our study was to exploit the full power of MRD by examining it as a continuous variable and to integrate it with genetics.
Minimal residual disease (MRD) and genetic abnormalities are important risk factors for outcome in acute lymphoblastic leukemia. Current risk algorithms dichotomize MRD data and do not assimilate genetics when assigning MRD risk, which reduces predictive accuracy. The aim of our study was to exploit the full power of MRD by examining it as a continuous variable and to integrate it with genetics.
Patients and Methods
We used a population-based cohort of 3,113 patients who were treated in UKALL2003, with a median follow-up of 7 years. MRD was evaluated by polymerase chain reaction analysis of Ig/TCR gene rearrangements, and patients were assigned to a genetic subtype on the basis of immunophenotype, cytogenetics, and fluorescence in situ hybridization. To examine response kinetics at the end of induction, we log-transformed the absolute MRD value and examined its distribution across subgroups.
Results
MRD was log normally distributed at the end of induction. MRD distributions of patients with distinct genetic subtypes were different (P , .001). Patients with good-risk cytogenetics demonstrated the fastest disease clearance, whereas patients with high-risk genetics and T-cell acute lymphoblastic leukemia responded more slowly. The risk of relapse was correlated with MRD kinetics, and each log reduction in disease level reduced the risk by 20% (hazard ratio, 0.80; 95% CI, 0.77 to 0.83; P , .001). Although the risk of relapse was directly proportional to the MRD level within each genetic risk group, absolute relapse rate that was associated with a specific MRD value or category varied significantly by genetic subtype. Integration of genetic subtype-specific MRD values allowed more refined risk group stratification.
INTRODUCTION
The assessment of treatment response via the measurement of minimal residual disease (MRD) is now recognized as the most powerful prognostic factor in acute lymphoblastic leukemia (ALL). [1] [2] [3] [4] The integration of MRD monitoring into riskadapted protocols has been used to successfully guide therapy intensification and reduction 2,5-7 ; however, MRD alone is not sufficient to fully predict outcome. Somatic genetic abnormalities define fundamentally distinct biologic subgroups, and several are important prognostic and predictive biomarkers.
The extent to which the presence of specific genetic abnormalities influences the kinetics of disease clearance is not fully understood, and there is no consensus surrounding the best method for integrating genetic and MRD data to stratify patients. Although analysis of the BFM-2000 trial led to the conclusion that molecular response redefines all prognostic factors, only a handful of genetic abnormalities were considered and ETV6-RUNX1 retained its significance in the multivariable model. 8 In addition, studies by the Children's Oncology Group (COG) and St Jude Children's Research Hospital have noted significant associations between genetic abnormalities and MRD.
9,10 Previous studies of specific genetic subgroups have also led to different conclusions. For example, the United Kingdom and COG study groups assign patients with iAMP21 (intrachromosomal amplification of chromosome 21) to high-risk (HR) regimens irrespective of MRD, 11, 12 whereas the BFM study group relies on MRD to assign risk in these patients. 13 Other studies of low hypodiploidy and Philadelphia chromosomelike ALL have proposed that treatment response can refine risk for patients with these abnormalities, but most protocols still allocate these patients to HR therapy. 14, 15 A common feature of these previous studies is the use of categorical variables with which to study MRD. Dichotomization of continuous variables leads to the loss of statistical power equivalent to removing one third of data. 16 To fully explore the discriminatory power of MRD and examine its interaction with genetics, we analyzed a large, well-annotated cohort of patients who were treated in a single trial using MRD as a continuous variable to study response at the end of induction (EOI).
PATIENTS AND METHODS
A total of 3,113 consecutive patients who were diagnosed with ALL by standard flow cytometric criteria and who were treated in the MRC UKALL2003 (2003 to 2011) trial were available for analysis (Appendix Fig  A1, online only) .
2,5 The trial was approved by the Scottish Multi-Centre Research Ethics Committee, and written informed consent was obtained from parents and patients in accordance with the Declaration of Helsinki. Full details of the treatment protocol and results of the main trial questions have been reported.
2,5
Initially, National Cancer Institute (NCI) standard-risk (SR) patients (, 10 years and white cell count , 50 3 10 9 /L) were assigned to regimen A, whereas NCI HR patients ($ 10 years and/or white cell count $ 50 3 10 9 /L) received regimen B (Appendix Fig A2, online only) . Patients with HR cytogenetics and patients age less than 16 years with a slow early response were assigned to regimen C. Slow early response was defined as $ 25% blasts in the day 15 (NCI SR) or day 8 (NCI HR) marrow. MRD was evaluated by real-time quantitative polymerase chain reaction analysis of Ig/TCR gene rearrangements with a quantitative range of 0.01% as defined by the European MRD Study Group. 17 Patients with undetectable MRD at EOI (day 29) and before interim maintenance were classified as MRD low risk, as were those who had detectable EOI MRD (, 0.01%), but undetectable MRD before the start of interim maintenance. MRD low-risk patients were eligible for treatment reduction random assignment. Patients with EOI MRD $ 0.01% were classified as MRD HR and were eligible for treatment intensification randomization.
Cytogenetic and fluorescence in situ hybridization testing was performed, and data were curated as previously reported. 18 Patients were classified into four mutually exclusive genetic groups: cytogenetic good risk (CYTO-GR): ETV6-RUNX1, high hyperdiploidy (51 to 65 chromosomes); cytogenetic HR (CYTO-HR): KMT2A (MLL) fusions, near haploidy, low hypodiploidy (, 40 chromosomes), iAMP21, and TCF3-HLF; cytogenetic intermediate risk (CYTO-IR): TCF3-PBX1 and all other patient-cases with abnormal or normal cytogenetics (B other); and patients with T-ALL.
18
Copy number alterations (CNAs) affecting IKZF1, CDKN2A/B, PAX5, EBF1, ETV6, BTG1, RB1, PAR1, and ERG were assessed by multiplex ligationdependent probe amplification using the SALSA P335/P327 kits (MRC Holland, Amsterdam, the Netherlands) and SNP6.0 array (Affymetrix, Santa Clara, CA) as previously described.
19,20 B-other patients were subclassified into previously defined subgroups on the basis of CNA 21,22 (Appendix Fig  A3, online only) .
Survival analysis considered three end points: event-free survival (EFS), defined as time to relapse, second tumor, or death, with censoring at the date of last contact; relapse rate (RR), defined as the time to relapse for those who achieved a complete remission, with censoring at the date of death in remission or last contact; and overall survival (OS), defined as the time to death, with censoring at the date of last contact. Patients were observed to March 1, 2016, giving a median follow-up time of 7 years. Survival rates were calculated and compared by using Kaplan-Meier methods, log rank tests, and Cox proportional hazards regression models (univariable and multivariable analyses). To examine MRD as a continuous variable, we assigned patient-cases with undetectable MRD a value one log below the minimum detection level of 1 3 10 25 and assumed a maximum value of 0.99999. The absolute value of natural log of this transformed MRD value is referred to as t(MRD). Normality was assessed by using the skewness and kurtosis, Shapiro-Wilk and Shapiro-Francia tests. Log normal distributions were compared by using a multiple-sample, multivariable test of means. As a result of the investigative nature of this analysis, all tests were conducted at the 1% significance level. Analyses were performed by using Intercooled STATA (version 14.01; STATA, College Station, TX; Computing Resource Center, Santa Monica, CA).
RESULTS

Examining MRD as a Continuous Variable
MRD was measured at the EOI for 2,678 (86%) patients who were treated in UKALL2003. To allow the detailed examination of the kinetics of treatment response and to compare different patient subgroups, we transformed the absolute MRD value to produce a continuous MRD variable. This log variable, t(MRD), ranged from 0 (highest MRD value) to 15 (undetectable MRD; Fig 1A) . Tests for normality and Q-Q plots indicated that t(MRD) followed a truncated normal distribution. Thus, the first peak, comprising 744 (27.7%) patients who had undetectable MRD, represented the detection limit of the assay (1 3 10 25 ), rather than a biologic phenomenon. Hence, we hypothesized that t(MRD) was normally distributed.
Response Kinetics by NCI Risk Group and Genetics Figure 1 and Appendix Table A1 (online only) detail the distribution of t(MRD) by NCI risk and genetic groups. Patients who were classified as NCI SR received a three-drug induction (regimen A), whereas NCI HR patients received a four-drug induction (regimen B). Despite receiving more intensive induction, NCI HR patients, on average, had a slower response (P , .001); however, there was significant variation in response kinetics by genetic subtype, both in the overall cohort and when stratified by treatment.
Among the major subgroups, ETV6-RUNX1 patients had the fastest disease clearance, with 36% (245 of 675) having undetectable MRD, whereas CYTO-HR/T-ALL patients recorded the slowest disease clearance (Figs 1C and 1D and Appendix Table A1 ). MRD was log-normally distributed within each genetic subtype (P . .1), with the exception of ETV6-RUNX1 (P = .01). There was no difference in response kinetics for ETV6-RUNX1, high hyperdiploidy, or CYTO-IR patients according to induction treatment. Patients with T-ALL who were treated with regimen A had a significantly better response compared with those who were treated with regimen B.
Several abnormalities, which were too infrequent to allow individual examination of t(MRD), comprised the CYTO-HR group; therefore, we examined MRD distribution by category jco.org (Fig 2 and Appendix Table A2 , online only). MRD was distributed normally for haploid, low hypodiploid, and iAMP21 patients, whereas among KMT2A patient-cases, MRD was more evenly spread and included a high proportion of refractory patients (19%). The CYTO-IR group was also heterogeneous, composed of TCF3-PBX1 (10%) and B-other ALL (90%). Patients with TCF3-PBX1 exhibited fast disease clearance with 38 (46%) of 83 patients having undetectable MRD. In contrast, the log normal MRD distribution for B-other patients was shifted to the right, which indicated slower disease clearance ( Figs 1C and 1D ).
To further investigate the B-other subgroup, we screened a representative subset of patients (n = 221) for CNA (Fig 2 and Appendix Fig A3) . 21 MRD of patients with a group A/B CNA profile, IKZF1 deletion, and IKZF1 plus profile 22 was log-normally distributed (P . .6). These B-other abnormalities are not mutually exclusive, and it is interesting to note that four of 13 patients with group A CNA profile, which is associated with a good outcome, and MRD $ 1% had an ABL-class fusion. MRD was also lognormally distributed among patients with activation of the JAK-STAT pathway compared with ABL-class fusion patients where 14 of 18 patients had MRD $ 1%.
Integrating MRD and Genetics to Define New Clinically Relevant Subgroups
The construction of a normally distributed log-transformed MRD variable, t(MRD), allowed outcome to be measured in relation to the log reduction in the leukemic cell population. Univariable Cox proportional hazards regression models for EFS, RR, and OS demonstrated that each log reduction in MRD equated to an approximate 20% decrease in the risk of an adverse event: EFS, 0.81 (95% CI, 0.78 to 0.83); RR, 0.80 (95% CI, 0.77 to 0.83); and OS, 0.77 (95% CI, 0.74 to 0.80). This effect was observed consistently across treatment, random assignment, and genetic subgroups, with the exception of one/two delayed intensifications (Table 1) . Although the risk of relapse was directly proportional to the MRD level within each genetic risk group, the absolute risk of relapse that was associated with a specific MRD level varied by genetic subtype (Fig 3) . To further illustrate this relationship and to aid stratification, we calculated 5-year EFS, RR, and OS rates for multiple MRD categories across genetic subtypes (Table 2) . Survival varied significantly for a given MRD category. Patients with MRD levels at either end of the spectrum had similar outcomes, regardless of genetic subgroup, whereas the outcome that was associated with moderate MRD levels was genetic subtype dependent. Additional evidence that both MRD and genetics impact prognosis was evident when we examined some of the specific genetic abnormalities that underpin these broad cytogenetic risk groups (Appendix Table A2 ). Use of genetic-specific MRD thresholds to define risk groups enabled the creation of subsets with a more uniform outcome. In Table 2 , we define exemplar risk groups by grouping together MRD-genetic subsets that have a low RR (, 7%) and a correspondingly high OS (. 94%) into a large SR group that accounts for two thirds of patients. The remaining patients were split into intermediate-risk and high-risk groups primarily on the basis of RR (, 20% or . 20%); however, all CYTO-HR patients were classified into the HR group because these outcomes were achieved by receiving HR treatment (regimen C).
Correlation of MRD and Type of Relapse
At relapse, patients are classified as SR or HR on the basis of the time and site of relapse, and the majority of SR patients achieve a lasting second remission. 23, 24 The distribution of SR and HR jco.org relapses varied by genetic subtype and MRD (Fig 4A) . The proportion of patients who experienced relapse that would be classified as clinical HR 23 was strongly associated with genetic subtype: CYTO-GR, 20%; CYTO-IR, 38%; and CYTO-HR/T-ALL, 77% (P , .001). This association was observed across all MRD categories (Appendix Table A3 , online only). By integrating MRD and genetics to define risk groups, it is possible to define a small HR group (8% patients) that captures 48% of HR relapses (Table 2) . MRD assessment of marrow was not predictive of isolated CNS relapse. In keeping with this concept, we observed a significant difference in the MRD distributions for isolated marrow relapses by clinical risk group (Fig 4B) , but not among patients who suffered an isolated CNS relapse (Fig 4C) .
DISCUSSION
Risk stratification is a key component of precision medicine, requiring the accurate measurement and integration of several prognostic factors to ensure appropriate treatment allocation. Whereas MRD and genetics have been shown to be the most important prognostic factors in ALL, [1] [2] [3] [4] 18 they have largely been examined independently. We have reported, in unprecedented detail, the relationship between absolute MRD values and genetic abnormalities. These findings confirm and extend the observations by Pui et al, 9 although analysis of independent data sets is required. Once validated, the concept of truly integrating MRD and genetics via subtype-specific MRD thresholds, as demonstrated by the integrated risk groups in Table 2 , will improve risk algorithms that are used to allocate treatment.
To our knowledge, this study is the first to present MRD as a continuous variable and reveals the log normal distribution of MRD at EOI as predicted by the log cell kill effect of chemotherapy observed in mice and in vitro experiments.
25-27 Whereas this distribution was maintained across different treatments and genetic subtypes, the kinetics of leukemic cell clearance differed. Perhaps unsurprisingly, mean MRD value was higher in NCI HR patients; however, this group received a four-drug induction that may have been expected to induce MRD levels comparable to NCI SR patients who received a three-drug induction. This suggests that a more intensive induction does not fully compensate for the inherent risk that is associated with NCI HR disease. An alternative explanation is that the addition of anthracycline simply does not add any efficacy to a three-drug dexamethasone-based induction. This is supported by the fact that the rate of true MRD negativity in our cohort (27.8%) was almost identical to that of the DCOG10 trial (28.8%), despite the universal use of a four-drug induction. 6 MRD distributions differed to an even greater extent by genetic subtype, which indicated that the underlying disease biology is the key driver of treatment response and may have accounted for much of the difference between the NCI SR and HR groups. ETV6-RUNX1 patients demonstrated a particularly rapid response to treatment that was consistent with their good prognosis. Unexpectedly, TCF3-PBX1 patients, an intermediate-risk abnormality, demonstrated an even faster MRD clearance, with 43% achieving MRD negativity (Fig 2) compared with 36% of ETV6-RUNX1 patients. These observations correlate with the recent report from the TCCSG L92-13 trial 28 that showed that ETV6-RUNX1 and TCF3-PBX1 patients had an excellent outcome despite receiving less maintenance therapy. Thus, a greater understanding of disease kinetics could help tailor treatments to different subtypes.
Examining MRD as a continuous variable emphasizes that the relationship between MRD level and outcome is a continuum and that using a single cutoff value to stratify patients is an oversimplification. Moreover, integrating genetics aids the interpretation of this relationship and indicates that MRD alone is NOTE. Data are given as hazard ratio (95% CI). Hazard ratios are from univariable Cox proportional hazards regression models using a log transformed minimal residual disease value (Patients and Methods); therefore, each hazard ratio represents the decrease in risk of an event that is associated with each log fold reduction in disease level at the end of induction. Abbreviation: T-ALL, T-cell acute lymphoblastic leukemia. *Patients were assigned to clinical risk group according to age, white cell count, genetics, and early treatment response (Appendix Fig A1) . †Patients who had minimal residual diseases of , 0.01% were randomly assigned to one or two delayed intensification blocks, whereas patients with minimal residual disease of $ 0.01% were randomly assigned to receive augmented therapy (Appendix Fig A1) .
‡A total of 252 patients with minimal residual disease of , 0.01% were randomly assigned to receive two delayed intensification blocks. The overall relapse rate was just 4%; therefore, the power to detect a significant prognostic effect by minimal residual disease was low. kPercentages calculated for each risk classification: MRD only (n = 2,678), genetics only (n = 2,953), MRD plus genetics (n = 2,542). MRD was unknown for 435 patients. Cytogenetics were unknown for 160 patients with BCP-ALL. ¶All patients with HR cytogenetics were included in this category because as a group they had poor outcomes and were all assigned to regimen C. jco.org not sufficient to accurately stratify patients. Patients with MRD values at the extremes of the scale are the exception. Patients with high MRD ($ 5%) have an extremely poor outcome (EFS of 42% at 5 years), irrespective of genetics, and should be considered for treatment intensification or novel therapies. 29 Similarly, patients who achieve a true negative MRD response have an excellent outcome (EFS of 95% at 5 years) and may be suitable for treatment reduction in an effort to reduce toxicity. Of importance, even if patients with undetectable MRD do experience relapse, their disease is usually salvageable (Fig 4) , providing additional reassurance that treatment reduction is an appropriate strategy. The log-normal distribution of MRD implies that some patients reduce their disease levels from the diagnostic burden of approximately 10 12 leukemic cells 30 by 6 to 7 logs after 4 weeks of therapy. Thus, there may be subset of patients whose disease can be eradicated by weeks, rather than years, of therapy. The development and application of ultrasensitive MRD methodologies will be required to test this hypothesis and identify such patients. Interpreting data for CYTO-HR patients with undetectable MRD is difficult because of modest numbers, genetic heterogeneity, and HR therapy. Of interest, all relapsed patients in this group had iAMP21 (Appendix Table A2 ). This finding supports the United Kingdom 11 and COG 12 conclusion that all patients with iAMP21 require HR treatment as opposed to the BFM finding that MRD alone identifies HR patients with iAMP21.
13
Stratification of patients with MRD . 0%, but , 5%, is more complex but is informed by integrating genetics. To effectively stratify patients, it is imperative to use different MRD values within each group. For example, GR-CYTO patients with MRD of 0.01% to 0.1% had an excellent outcome, despite being classified as MRD HR and considered for treatment intensification. To assess the potential impact of therapy intensification, we examined the relapse rate among CYTO-GR patients who were randomly assigned to receive standard or augmented therapy (n = 157). Relapse rate remained low for all patients: 4.2% (1.4 to 12.4) versus 2.5% (0.6 to 9.8; P = .4). In our current trial, UKALL2011, we have now raised the threshold at which we classify CYT0-GR patients as being MRD risk. We anticipate that this intervention will reduce toxicity without comprising outcome. At the other end of the spectrum, CYTO-IR/MRD $ 1% and CYTO-HR/MRD . 0% patients have poor outcomes and could be considered together with patients with MRD $ 5% in an HR group. This strategy effectively delineates those patients with low risk and HR disease, leaving approximately one third of patients with intermediate outcomes who mainly have CYTO-IR or T-ALL.
The prognostic impact of MRD within T-ALL was intriguing. Patients with 0% or $ 5% MRD had excellent or poor outcomes, respectively, but otherwise MRD seemed to have little impact. Patients with T-ALL were significantly less likely to have a reportable MRD result: 73% versus 88% (P , .001). These observations could indicate that an MRD methodology that is reliant on Ig/TCR rearrangements is less useful in T-ALL; however, it should be noted that we have relatively few patients with T-ALL and were not able to examine the underlying genetic heterogeneity.
31 CYTO-IR is also genetically heterogeneous. We demonstrated that many of the abnormalities that underpin B-other ALL will be useful in future algorithms to further refine genetic subtypes and, thus, new integrated risk groups. For example, patients with the group A CNA profile 21 have an excellent outcome if MRD is , 1% and could be included in a low-risk group. Of interest, many of the patients with a group A CNA profile and MRD of . 1% harbored EBF1-PDGFRB.
32
Risk stratification must be based on the efficacy and associated toxicity of the proposed treatments. Effective but toxic treatmentsfor example stem-cell transplantation-should be reserved for HR patients who are unlikely to be cured with conventional therapy; however, treatment intensification or novel agents may be considered appropriate for intermediate-risk patients. Currently, treatment protocols use a single MRD threshold to assign patients to risk groups, irrespective of the presence of genetic abnormalities; however, data generated by this study indicate that MRD must be interpreted within the context of genetics to maximize its effectiveness. Using different MRD cutoffs for different genetic subtypes allows more flexibility to define patient subgroups of the appropriate size and outcome. We propose that the future of stratification in ALL lies in the integration of MRD measurement with detailed genetic classification. We have already changed the MRD threshold for CYTO-GR patients in UKALL2011 and plan to use this strategy more fully when designing the risk stratification algorithm of our next trial.
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2) IKZF1 plus (Dagdan et al 22 )
All other patients with B-other IKZF1 plus : Presence of an IKZF1 deletion and at least one additional deletion of PAX5, CDKN2A\B, or PAR1 in the absence of an ERG deletion. Fig A3. Four methods of subclassifying B-other acute lymphoblastic leukemia by genetics. For CDKN2A/B, deletion of either the CDKN2A or CDKN2B probes were sufficient for the locus to be classified as deleted. For PAX5, intragenic amplifications were coded with the deletions, as they are predicted to be functionally equivalent. A deletion in the PAR1 region of chromosome X or Y-del(X)(p22.33p22.33)/del(Y)(p11.32p11.32)-results in the loss of the CSF2RA and IL3RA probes, but the retention of the CRLF2 probe. CNA, copy number alteration. †Patients treated with regimen A who were classified as having a slow early response (. 25% blasts in the day 15 marrow) or HR cytogenetics switched to regimen C on day 15 and, thus, received a four-drug induction from day 15 onwards. Among the 1,574 regimen A patients, only 33 (2.1%) had a slow early response, and 36 (2.3%) had HR cytogenetics. These patients have not been excluded from the data shown in the table, as excluding them made no difference to the results.
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‡P values from a five-way comparison. 
